Three photosynthetic complexes, light-harvesting complex 2 (LH2), lightharvesting complex 1 (LH1), and the reaction centre-light-harvesting complex 1 photounit (RC-LH1), were puri®ed from a single species of a purple bacterium, Rhodobacter sphaeroides, and reconstituted into twodimensional (2-D) crystals. Vesicular 2-D crystals of LH1 and RC-LH1 were imaged in negative stain and projection maps at 25 A Ê resolution were produced. The rings formed by LH1 have approximately the same mean diameter as the LH1 rings from Rhodospirillum rubrum ($90 A Ê ) and therefore are likely to be composed of 15 to 17 ab subunits. In the projection map calculated from the RC-LH1 2-D crystals, the reaction centre is represented by an additional density in the centre of the ring formed by the LH1 subunits. The marked improvement of shape and ®ne structure after a rotational pre-alignment of the RC-LH1 unit cells before averaging strongly suggests that the RC is not in a unique orientation within the LH1 rings. Tubular crystals of LH2 showed a high degree of order and allowed calculation of a projection map at 6 A Ê resolution from glucoseembedded specimens. The projection structure shows a ring of nine ab subunits. Variation of the a-helical projection densities suggests that the 9-fold symmetry axis is tilted with respect to the membrane normal.
Introduction
Photosynthesis is a biological reaction of fundamental importance, because it represents a highly ef®cient and productive means of converting solar energy into chemical energy. In many cases, the initial stages of conversion of light energy into useful chemical energy involve the participation of several membrane-bound protein complexes. In the last 15 years, structural details of many of these individual protein components have emerged, to add to the large array of chemical, spectroscopic, cell biological and genetic data that have been obtained on photosynthetic systems in plants and bacteria. One of the next challenges is to describe the assembly and organisation of an intact photosystem. The purple photosynthetic bacteria provide an ideal experimental system for such work, because of the relative simplicity of their photosystem. Most of these bacteria synthesise two types of light-harvesting (LH) complexes; LH2, present in variable amounts, ef®ciently collects light energy and transfers it to the LH1 complex, which is in constant proportion to and in contact with the photosynthetic reaction centre (RC). The RC is the site of the initial charge separation and subsequent electron transport across the membrane.
A major breakthrough in the understanding of membrane proteins came with the elucidation of structures of the bacterial RCs from Rhodopseudomonas viridis (Deisenhofer et al., 1985) and Rhodobacter sphaeroides (Chang et al., 1986; Allen et al., 1987) by X-ray crystallography. In recent years, electron microscopy has proved a powerful alternative to X-ray crystallography to investigate the structure and organization of membrane proteins even to near-atomic resolution if suitable two-dimensional (2-D) crystals are available Ku È hlbrandt et al., 1994; Grigorieff et al., 1996; Kimura et al., 1997) . In general, it is much easier and faster to grow 2-D crystals from membrane proteins than to grow large well-ordered 3-D crystals. Moreover, electron microscopy can be used to extract important information from 2-D crystals that do not show a high degree of crystallinity. Hence, electron microscopy is very suited to the rapid determination of oligomeric states of LH complexes, and for visualizing the RC-LH1 interactions. Indeed, the ®rst direct view of the structure of a bacterial antenna complex was obtained by electron crystallography of 2-D crystals of the LH1 complex from Rhodospirillum rubrum yielding a projection map at 8.5 A Ê resolution (Karrasch et al., 1995) . This map revealed that the complex consists of a ring of 16 ab heterodimers with a diameter large enough to accommodate the reaction centre within. Subsequently, the structures of two LH2 complexes were solved to atomic resolution by X-ray crystallography to reveal a nonameric arrangement of ab subunits in Rps. acidophila (McDermott et al., 1995) and an octameric arrangement in Rhodospirillum molischianum (Koepke et al., 1996) . In addition, an electron crystallographic projection map of LH2 from Rhodovulum (Rhv.) sul®dophilum was calculated using 2-D crystals, revealing a nonameric arrangement (Montoya et al., 1995; Savage et al., 1996) .
Despite the wealth of information on individual proteins, the organisation of the different complexes within the bacterial photosynthetic membrane is poorly understood, although several models have been proposed, based upon the spectroscopic properties of the complexes (Monger & Parson, 1977; Vos et al., 1986; Hunter et al., 1989) . Electron microscopic studies on in vivo crystalline, intact photosynthetic membranes of Rps. viridis (Miller, 1982; Stark et al., 1984) and Ectothiorhodospira halochloris (Engelhardt et al., 1986 ) and on arti®cial 2-D crystals of photosynthetic core (RC-LH1) complexes from R. rubrum (Walz & Ghosh, 1997; Stahlberg et al., 1998) and Rps. viridis (Ikeda-Yamasaki et al., 1998) showed that the bacterial RC is surrounded by a ring of LH1 subunits. However, the closed LH1 ring structure raises the question of how the quinone molecules can participate in electron transfer between the reaction centre within the ring and the cytochrome bc 1 complex lying outside the ring. In Rb. sphaeroides, a small polypeptide, PufX (Lilburn et al., 1992; Barz et al., 1995a,b; Cogdell et al., 1996) , has been implicated as being essential for the ef®cient transfer of quinone between the reaction centres and the cytochrome bc 1 complexes, since in its absence no photosynthetic growth is observed (Farchaus et al., 1990 (Farchaus et al., , 1992 McGlynn et al., 1994 McGlynn et al., , 1996 . The -peptide identi®ed in R. rubrum has been suggested to play a similar role (Ghosh et al., 1994) .
Although a large amount of structural information on bacterial photosynthetic proteins has emerged over the last few years, it is still dif®cult to directly correlate all this information to produce a coherent model of a bacterial photosystem, because individual structures have been obtained from proteins puri®ed from different organisms. In order to construct an integrated view of bacterial photosynthesis, it would be most helpful to know the structures of all the complexes from just a single species; ideally, a species easily accessible to genetic manipulation. Here, we present the ®rst results of our attempts to use Rb. sphaeroides as a model system for an integrated structural study of bacterial photosynthesis. We present a projection map of LH2 at 6 A Ê resolution and lower-resolution projection maps of LH1 as well as of the RC-LH1 photounit determined by electron microscopy of 2-D crystals.
Results

Purification and spectroscopy
Following solubilization of the photosynthetic membranes with octyl-b,D-glucoside (OBG) for LH2 preparations (or diheptanoyl phosphatidylcholine (DHPC) for LH1 and RC-LH1 preparations), the complexes were puri®ed in a twostep procedure as described in Materials and Methods. Figure 1a shows a Scha È gger gel of membranes, puri®ed complexes and two-dimensional (2-D) crystals for LH2. One noteworthy aspect of the detergent DHPC is its property of stabilising the RC-LH1 interactions, which are normally disrupted by OBG. This was ®rst noted for R. rubrum by Kessi et al. (1995) , and it appears that DHPC is similarly suitable for RC-LH1 cores from Rb. sphaeroides.
The native state and quality of the puri®ed complexes as well as of the reconstituted 2-D crystals were assessed by absorbance spectroscopy (Figure 1b ). In comparison with native membranes (continuous line in Figure 1b) , the puri®ed LH2 complexes in 1% OBG (broken line) display a slightly broadened absorption peak at 790 nm indicating some increased heterogeneity in the bacteriochlorophyll (bchl) environment. After reconstitution into 2-D crystals this heterogeneity is diminished, as evidenced by the sharpening of the peak in this absorption region (bold line). Interestingly, the 850 nm absorption peak from native membranes shifted to 854 nm in the 2-D crystals. In the case of LH1 and RC-LH1, the spectra of the membranes, puri®ed complexes and 2-D crystals showed only negligible differences.
LH2 2-D crystals in negative stain
The 2-D crystals of LH2 complexes were found over a wide range of conditions. Addition of magnesium ions to the dialysis buffer did not improve the quality of the 2-D crystals and was omitted in further reconstitution experiments. The concentration of sodium chloride (varied between 50 and 200 mM) did not show signi®cant in¯uence on the outcome of crystallization trials. All three lipids used for reconstitution experiments (DMPC, DOPC and plant PC) yielded ordered arrays of LH2; however, the quality was variable and the best crystals were produced using DOPC.
Successful dialysis experiments yielded large numbers of tubular crystals (Figure 2a ). Collapsed tubes varied considerably in length (from 2 to over 5 mm) but displayed a relatively constant width (650(AE50) nm, n 25). When inspected in a laser diffractometer, two sets of sharp and strong diffraction spots lying on square lattices and originating from the two layers of the collapsed tube could be detected in almost every crystal imaged. Unusually for negatively stained crystals, optical diffraction spots could often be seen beyond 20 A Ê resolution (Figure 2c ). Only images where the two lattices could clearly be indexed and separated from each other were used in order to calculate projection maps of both layers.
The unit cell of the tubular crystals (a b 149 A Ê ) houses four LH2 rings. As observed previously with collapsed sacculi of OmpF-overexpressing Escherichia coli, the projection maps of the two layers appear slightly different due to differences in the effect of staining and adsorption on the two layers (Hoenger et al., 1993) . While in both layers the LH2 rings can clearly be depicted, in the projection map from the less evenly stained layer two of the four rings display a lower contrast and less ®ne structure (Figure 3a) , suggesting that there are two orientations of the complexes within the membrane. In the projection map of the more evenly stained layer (Figure 3b ) all rings have approximately the same contrast and already indicate a 9-fold symmetry. Using the program ALLSPACE (Valpuesta et al., 1994) on images of glucose-embedded 2-D crystals (see later), a crystallographic p22 1 2 1 symmetry was revealed (see Table 1 ) and was applied to the projection maps (Figure 3c and d). In Figure 3e , a contour plot of the projection map in Figure 3d is presented denoting the 2-fold screw axes and 2-fold rotation axes that relate the four rings in the unit cell to each other and de®ne the p22 1 2 1 symmetry of the LH2 2-D crystal.
LH2 2-D crystals in glucose
Six micrographs (12 crystalline layers) of glucose-embedded tubular LH2 2-D crystals were selected by optical diffraction for further processing. In the selected images, diffraction spots of both lattices were visible by eye beyond 8 A Ê resolution. A contrast transfer function (CTF) plot of a good image after unbending and CTF correction is shown in Figure 4a . The Fourier data are almost complete up to 6 A Ê and a few strong diffraction spots are present to a much higher resolution. Occasionally, diffraction spots of IQ2 (IQ as de®ned by Henderson et al., 1986) could even be seen at 3.5 A Ê resolution. Figure 4b shows a p1 projection map calculated to 6 A Ê resolution from the 
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image yielding the CTF plot shown in Figure 4a . The seven best data sets were merged, phases and amplitudes averaged according to p22 1 2 1 symmetry and a projection map calculated ( Figure 4c ). The phase residuals in resolution shells are summarised in Table 2 . Sharpening of Fourier amplitudes by the application of an arti®cial negative temperature factor (as applied in the case of the projection maps of LH1 from R. rubrum (Karrasch et al., 1995) and of LH2 from Rhv. sul®dophilum (Savage et al., 1996) was not needed to reveal the density at the level of secondary structure.
The unit cell outlined in black in Figure 4c shows again four individual LH2 complexes, which are now resolved into two concentric rings of nine densities each with average diameters of 35 A Ê and 62 A Ê , respectively. By comparison with the atomic model of the LH2 from Rps. acidophila (McDermott et al., 1995) , the inner ring of roughly circular densities is interpreted as the projection densities of the a-helices from the asubunits running almost perpendicular to the membrane plane. The outer ring of more elongated densities represents the projections of the a-helices from the b-subunits, which are more tilted with respect to the membrane normal. Less density is seen between the two concentric rings when compared to the published projection maps of R. rubrum LH1 (Karrasch et al., 1995) and Rhv. sul®dophilum LH2 complexes (Savage et al., 1996) . Moreover, the expected non-crystallographic 9-fold symmetry is not evident in this projection map. The inner helical densities show a marked variation of contrast around the ring (Figure 4c ), which is evident also in maps from individual crystals (see Figure 4b ). Although not as marked, a similar variation of contrast can be seen in the outer ring of densities.
Individual LH2 rings appear to be packed very tightly in the membrane and form two different types of crystal contacts via their b-subunits. Eight of the nine b-subunits of each LH2 ring are in close contact with two b-subunits from each of the four adjacent LH2 rings. The four a-helices involved in each crystal contact are too close to allow for intercalating lipid molecules. Hence, crystals are held together by direct helix-helix interactions. 
2-D Crystals of LH1 and RC-LH1 complexes
Crystals of LH1 and RC-LH1 complexes formed either as vesicular or sheet-like membranes at lower lipid to protein ratios than those for the tubular LH2 crystals (Figure 6a and c) . To date, only relatively small and poorly ordered 2-D arrays of these complexes have been Figure 3 . Projection maps of LH2 in negative stain. a, Two rings in the unit cell (a b 14.9 nm) calculated from the less evenly stained layer show lower contrast than the other two rings, indicating that the LH2 rings are incorporated into the membrane in opposite orientations. b, After applying a p22 1 2 1 symmetry, all rings display the same contrast and reveal a pseudo-9-fold symmetry. c, In the unit cell calculated from the more evenly stained layer, all LH2 rings show approximately the same contrast and the non-crystallographic pseudo-9-fold symmetry is already distinct in the unsymmetrised projection map. d, However, the non-crystallographic pseudo-9-fold symmetry becomes more evident after applying the crystallographic p22 1 2 1 symmetry. e, In the contour plot of the projection map shown in d, the unit cell is outlined in black. The crystallographic symmetry elements (2-fold axes and 2-fold screw axes) that relate the four LH2 rings in a unit cell with each other are also drawn. Internal phase residuals were determined from spots of IQ1 to IQ5 to 6 A Ê resolution. a Note that in space group p1 no phase comparison is possible, so the numbers given here are theoretical phase residuals based on the signal-to-noise ratio of the observed diffraction spots.
b Within 20% of target residual. c Within 30% of target residual.
obtained. Again, DOPC yielded the best crystals. The crystallinity of the best 2-D arrays was suf®-cient to calculate projection maps of the LH1 and RC-LH1 complexes in negative stain to a resolution of 25 A Ê . Unlike the 2-D crystals formed by LH1 and RC-LH1 complexes from R. rubrum, which display a p22 1 2 1 symmetry (Karrasch et al., 1995; Walz & Ghosh, 1997) , both complexes from Rb. sphaeroides form crystals with a trigonal-like lattice (a % b % 120 A Ê , g % 120 ) and no diffraction spots indicating an orthorhombic lattice could be observed in the power spectrum. Similar trigonal 2-D crystals were recently reported for RC-LH1 complexes from Rps. viridis (Ikeda-Yamasaki et al., 1998) . The LH1 rings (Figure 6b ) have an average diameter of about 90 A Ê , similar to that of LH1 rings from R. rubrum (Karrasch et al., 1995) . The same average diameter of LH1 rings was measured in the RC-LH1 projection map (Figure 6d ). The stain exclusion from the RC appears rather featureless in our projection map, similar to the situation found in 2-D crystals of RC-LH1 complexes from R. rubrum (Walz & Ghosh, 1997) . However, the projection structure of the RC could be substantially enhanced by treating the individual unit cells of the RC-LH1 2-D crystal as single particles and introducing a rotational alignment step before averaging the unit cells (see Materials and Methods). Figure 7a shows the Fourier peak ®ltered image of an area of the RC-LH1 2-D crystal shown in Figure 6c . The crosses indicate the 850 unit cells that were used to calculate the correlation averages. The introduction of a rotational alignment step before averaging the unit cells led to a more distinctly featured envelope for the RC (Figure 7c ) when compared to the featureless correlation average calculated without rotational alignment of the unit cells (Figure 7c ). At this resolution there was no evidence for any preferred orientations of the RCs. Figure 4 . Electron cryo-microscopy of glucoseembedded LH2 2-D crystals. a, The contrast transfer function (CTF) plot of a Fourier transform of a typical image of an LH2 crystal embedded in glucose shows almost complete data to a resolution of 6 A Ê . However, strong diffraction spots can be seen up to the Nyquist frequency of 3.6 A Ê . The circles represent the zero transitions of the CTF and the boxed numbers depict the IQ values of the individual re¯ections as de®ned by Henderson et al. (1986) . b, The displayed projection map in p1 was calculated from the image that yielded the CTF plot shown in a. Even without applying any symmetry, the two concentric rings of membrane-spanning a-helices are clearly seen, while the non-crystallographic 9-fold symmetry of the individual rings is clearly missing. c, The ®nal projection structure was calculated by merging seven unbent and CTF-corrected lattices and applying a p22 1 2 1 symmetry. The map was calculated to 6 A Ê resolution from a 100 % complete data set.
Discussion
We report the crystallisation of all the major protein complexes of the photosynthetic machinery of a single species of purple bacterium. The resolution is not yet adequate to determine the number of subunits in the LH1 complex but the average diameter of the LH1 ring of approximately 90 A Ê is similar to that of LH1 from R. rubrum (Karrasch et al., 1995) and therefore it is likely that the ring consists of 15 to 17 ab subunits. In addition, these studies provide further con®rmation that as in R. rubrum (Walz & Ghosh, 1997; Stahlberg et al., 1998) , the RC of Rb. sphaeroides is enclosed within the LH1 ring, at least in the absence of the PufX polypeptide. For further detailed analysis, we await improvements in crystal quality. Contrary to the results for LH1 and RC-LH1, the LH2 crystals have provided us with the opportunity of collecting high-resolution data.
Projection structures from negatively stained and glucose-embedded LH2 crystals
All well-ordered 2-D crystals of LH2 display a tubular morphology and a p22 1 2 1 symmetry in which adjacent LH2 rings are related to each other by screw axes within the membrane plane. Projection maps of LH2 from Rb. sphaeroides in negative stain as well as embedded in glucose clearly show the nonameric organisation of the ring. This is the same as observed for LH2 from Rps. acidophila (McDermott et al., 1995) and Rhv. sul®dophilum (Savage et al., 1996) , but different from the octameric ring formed by LH2 from R. molischianum (Koepke et al., 1996) . While adjacent LH2 rings are clearly separated in the projection map calculated from the negatively stained specimens (see Figure 3) , in the projection map from the glucose-embedded specimens the outer domains of adjacent LH2 rings come into very close contact (Figure 4c ). The negative stain only contrasts extramembranous protein domains and the highest contrast from sugar-embedded preparations is likely to derive from the transmembrane domains, so it appears that crystal contacts are formed mainly within the lipid bilayer. Compared to the 2-D crystals obtained from Rhv. sul®dophilum LH2, which also show a p22 1 2 1 symmetry (Savage et al., 1996) , the rings in the 2-D crystals from Rb. sphaeroides LH2 are packed in a different and more compact way. Only a few b-subunits of a given ring appear to make direct contact to b-subunits of adjacent rings in the Rhv. sul®dophilum 2-D crystals, while in the 2-D crystal of Rb. sphaeroides LH2, eight out of nine b-subunits are involved in direct crystal contacts. This might explain the better ordering found in our 2-D crystals.
The missing 9-fold non-crystallographic symmetry
The atomic structures of the LH2 complexes from Rps. acidophila (McDermott et al., 1995) and R. molischianum (Koepke et al., 1996) show nearperfect 9-fold and 8-fold symmetry of the rings, respectively. These structures were determined from 3-D crystals of detergent-solubilized complexes that do not give any information on how the rings are incorporated into a lipid bilayer. Our projection map indicates a marked deviation from 9-fold symmetry. This can be seen to a lesser extent in the projection map of LH2 from Rhv. sul®dophilum (W. Ku È hlbrandt, personal communication and see Figure 3b of Savage et al., 1996) .
To demonstrate that the deviation from the 9-fold projection symmetry is signi®cant, we performed several tests. All individual projection maps that were merged to give the ®nal averaged p22 1 2 1 map ( Figure 5a ) were also calculated without any symmetry averaging, aligned to a common phase origin and the amplitudes and phases merged into one data set. The individual p1 maps as well as the merged and averaged p1 projection (Figure 5c ), all showed the same variations in density at the same positions, albeit that the maps were more noisy. In addition, two independent p22 1 2 1 maps were calculated, one from a set of three images and another from an independent set of four images. In both cases there was a consistent deviation from 9-fold projection symmetry. Finally, a map of the estimated noise was calculated for the averaged p22 1 2 1 map as described (Bullough & Henderson, 1990) . The map reveals a noise level of AE1 contour lines (Figure 5b ), which is signi®cantly less than the observed maximum deviation in densities Áa c , Difference between the symmetry-imposed phase of 0 and 180 and the observed combined phase (Bullough & Tulloch, 1990) .
a Completeness of data up to IQ7 spots was 100% to a resolution of 6 A Ê .
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between inner helices in one ring (difference nine contour lines, see Figure 5a ). There could be several explanations for the deviation of the rings from the 9-fold symmetry. For example, the subunits might be more disordered in one part of the ring. This disorder could be spatial or temporal. However, it is unlikely that such a disorder is always con®ned to the same part of the LH2 ring, especially since no correlation between the strong densities and the crystal contacts could be found. It might also be that some of the subunits are lost, leading to a lower density in this region, but again, it is dif®cult to explain why subunits should be lost only in a speci®c domain Figure 5 . Quality assessment of the LH2 projection map. a, The p22 1 2 1 projection map was contoured in such a way that each contour line represents two-®fths of the root-mean-square of the mean density. In this representation, the maximum deviation in densities between inner helices in one ring are nine contour levels. b, The noise in the p22 1 2 1 projection map was determined as described by Bullough & Henderson (1990) and contoured in the same way as in the LH2 projection map in a. This map demonstrates that the noise level in the projection map (AE1 contour level) cannot be responsible for the loss of the non-crystallographic 9-fold symmetry. c, The seven lattices used to calculate the p22 1 2 1 projection map were also merged without applying a symmetry, illustrating that the deviation from the 9-fold symmetry is not random but identical in all images. d, Simulated p22 1 2 1 lattice of LH2 from Rps. acidophila (McDermott et al., 1995) having a tilt of 5 relative to the membrane plane. The resemblance of this simulated map to the actual projection map of LH2 from Rb. sphaeroides is striking and con®rms a slight tilt of the LH2 rings to be responsible for the deviation of the individual rings from the perfect non-crystallographic 9-fold symmetry.
of the ring. The most likely explanation is a slight tilt of the individual LH2 rings relative to the membrane plane. To test this hypothesis, we calculated a projection map of LH2 from Rps. acidophila using the atomic coordinates determined by McDermott et al. (1995) and applying small tilt angles and a suitable temperature factor. The projection of a ring tilted by 5 was then aligned onto a p22 1 2 1 lattice (Figure 5d ). The similarity of the resulting projection map to the projection structure determined from our 2-D crystals of Rb. sphaeroides LH2 is so striking that we propose that the deviation from the perfect 9-fold symmetry arises from a tilt of the rings of approximately 5 relative to the membrane normal.
The photosynthetic unit of Rb. sphaeroides; relationship between structural, spectroscopic and mutagenesis data Although a great deal is known about the light-harvesting apparatus of Rb. sphaeroides in terms of spectroscopy and mutagenesis, it has not been possible to place this information within a structural context, except by extrapolation from data obtained from other bacteria such as Rps. acidophila and R. rubrum. The present work is an attempt to redress this imbalance, and lays the foundations for further work on genetically modi®ed systems, given that Rb. sphaeroides is well established as a system for genetic manipu- Projection Structures of LH2, LH1 and RC-LH1 lation of LH2 (Fowler et al., 1997) , LH1 Sturgis et al., 1997) and the RC (Woodbury & Allen, 1995) .
The quality of our LH1 and RC-LH1 crystals is suf®cient to show the circular arrangement of the LH1 observed by Miller (1982) , Stark et al. (1984) , Engelhardt et al. (1986) and Karrasch et al. (1995) . In these ordered arrays, the RC-LH1 complexes are similar to LH1, but exhibit a region of stain exclusion in the centre of the LH1 rings that we attribute to the RC. The RC is apparently not in a single orientation with respect to the crystal lattice, which is demonstrated by the dramatic improvement in envelope de®nition and ®ne structure after introducing a rotational alignment step (on the RC) prior to averaging of the individual unit cells (see Figure 7) . Therefore, the RC can clearly not be involved in speci®c crystal contacts of the RC-LH1 2-D arrays, which would necessitate a single orientation of the RCs in the lattice.
It is important to note that the LH1 and RC-LH1 crystals were prepared from LH1-only and RC-LH1-only mutants, respectively, and that in each case the PufX polypeptide was absent due to deletion of the PufX gene from the expression plasmid (McGlynn et al., 1994 (McGlynn et al., , 1996 . It is known that the absence of PufX from the RC-LH1 cores results in a loss of photosynthetic growth, and that it has been suggested that PufX prevents LH1 from completely encircling the RC, which would otherwise prevent reduced quinones from moving from the RC Q B site to the cytochrome bc 1 complex (Lilburn et al., 1992; Barz et al., 1995a,b; Cogdell et al., 1996) . It might be signi®-cant that in the case of the RC-LH1 cores with either normal or reduced levels of LH1, the absence of PufX generally increases the number of LH1 bchls per RC by 1 to 2. One of the next steps is to obtain good-quality 2-D crystals from RC-LH1 cores containing PufX. A substantial improvement is required in the quality of the 2-D crystals prepared from LH1 or RC-LH1 complexes, suf®cient to provide the level of structural information that can be gained from the LH2 crystals reported here. Such an improvement would allow the information obtained from mutagenesis, which has provided detailed information on the H-bonding arrangement of the bchls in LH1 (Olsen et al., 1994 Sturgis et al., 1997) , to converge with crystallographic information to provide a useful structural model for LH1. Figure 6c . The white crosses mark the unit cells that were used to calculate the correlation averages. b, Averaging without prior rotational alignment of the unit cells leads to a projection structure of the RC-LH1 complex, where the RC is represented by an almost featureless density. c, After rotational alignment of the individual unit cells, the RC in the resulting average shows a distinct shape, demonstrating that the RC is not ®xed in a unique orientation within the crystal lattice.
Materials and Methods
Chemicals
Octyl-b,D-glucoside (OBG), dimyristoyl phosphatidylcholine (DMPC) and dioleoyl phosphatidylcholine (DOPC) were from SIGMA (SIGMA-Aldrich Company Ltd., Dorset, England; diheptanoyl phosphatidylcholine (DHPC) and plant phosphatidylcholine extract were from Avanti Polar Lipids (Avanti Polar Lipids, Inc., Alabaster, AL, USA). All other chemicals used were either from SIGMA (SIGMA-Aldrich Company Ltd., Dorset, England) or from Merck (Merck Ltd., Dorset, England).
Purification of LH2, LH1 and RC-LH1 complexes
Membranes were isolated from LH2-only, LH1-only and RC-LH1-only strains of R. sphaeroides (Jones et al., 1992) as described (Olsen et al., 1994) . Neither the LH1-only nor the RC-LH1-only strain contained PufX. This arose as a result of deleting the cognate gene (McGlynn et al., 1994 (McGlynn et al., , 1996 . They were solubilised in either 100 mM OBG (LH2) or 40 mM DHPC (LH1 and RC-LH1; Kessi et al., 1995) . For LH2, the buffer was 10 mM Hepes (pH 7.5), 50 mM NaCl; and for LH1 and RC-LH1, 10 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 was used. In each case, the ®nal absorbance (850 nm for LH2; 875 nm for LH1) was $20 (1 cm path-length). Following solubilisation in the dark over 20 minutes, each mixture was centrifuged at 150,000 g for 25 minutes and the clear supernatant applied to a DEAE-Sepharose column. The complexes were eluted with the appropriate buffer, containing either 30 mM OBG or 2 mM DHPC, in the range of 300 to 400 mM NaCl. After further puri®cation by size-exclusion chromatography on Superdex-200, the complexes were ready for 2-D crystallisation.
Protein concentrations were determined by the BCA assay method (Pierce & Warriner Ltd., Chester, England). Gel electrophoresis was performed according to Scha È gger & von Jagow (1987) with a Pharmacia Mini Gel System (Pharmacia Biotech, St. Albans, England). Absorption spectra of native membranes, solubilized protein and reconstituted 2-D crystals were recorded using a Beckman scanning spectrophotometer and a Guided Wave model 260 ®bre optic spectrophotometer (Guided Wave Inc., El Dorado Hills, CA, USA).
2-D crystallization
LH2 in 10 mM Hepes (pH 7.5), 50 mM NaCl and 1% (w/v) OBG was mixed with various volumes of 4 mg/ml DMPC, DOPC or plant PC in 2% (w/v) OBG to give ®nal lipid-to-protein weight ratios ranging from 0.4 to 0.9. The samples were diluted with the OBG-containing buffer to give a ®nal protein concentration in the samples of 0.5 mg/ml. The detergent was slowly removed using a continuous-¯ow dialysis machine (Jap et al., 1992) . During the ®rst two hours of the dialysis, the temperature was increased from 20 C to 35 C, where it was held for six hours. Within the following two hours, the temperature was decreased again to 20 C, where it was held for six hours. This temperature cycle was repeated four times to give a total dialysis time of 64 hours. Samples were then collected and stored at 4 C in the dark. LH1 and RC-LH1 complexes were reconstituted into 2-D crystals as described for the LH2 complexes using OBG-solubilized lipids.
Electron microscopy and image processing
The results of reconstitution experiments were checked by adsorbing samples on a carbon-coated plastic grid and negative staining with 0.75% (w/v) uranyl formate. Micrographs were recorded at a nominal magni®cation of 50,000Â on a Philips CM100 electron microscope.
For cryo-electron microscopy, LH2 2-D crystals were prepared in glucose following the back injection method described by Nogales et al. (1995) . Brie¯y, a small square of carbon evaporated on mica was¯oated onto a 2% (w/v) glucose solution and picked up with a 200-mesh copper grid. Then 3 ml of crystal suspension was applied onto the side where the carbon had been in contact with the mica, and vigorously mixed with the remaining drop of glucose on the carbon ®lm. Subsequently, the grid was blotted, air-dried and used immediately for cryoelectron microscopy. Micrographs were recorded with a Philips CM200 electron microscope equipped with a ®eld emission gun and operated at 200 kV. Low-dose images at a nominal magni®cation of 38,000Â were recorded at electron doses between 5 and 10 e À /A Ê 2 at the specimen and developed in Kodak D-19 developer for 12 minutes.
Suitable micrograph areas were selected by optical diffraction and digitised with a Zeiss SCAI scanner using a 28 mm step-size for micrographs of negatively stained crystals and 7 mm for those of glucose-embedded crystals. Images were processed using the MRC image processing package (Henderson et al., 1986; Crowther et al., 1996) following procedures described by Amos et al. (1982) . For single-particle averaging of the RC-LH1 crystals, a digitised image was unbent using the MRC software and further processed using the SEMPER image-processing package. A reference patch was chosen from the Fourier peak ®ltered image, used to calculate a cross-correlation map, and 850 small images (32 Â 32 pixels) were extracted from the raw image at the positions of the cross-correlation peaks. A single unit cell (LH1 and RC) was chosen from the ®ltered image, the LH1 ring masked out, and the modi®ed density used for translational and rotational alignment of the individual unit cells extracted from the raw image. The average was subsequently used as new reference, and this cycle was repeated until the averaging converged. This process was carried out with three initial references taken from different areas of the Fourier-®ltered image, and the three resulting averages all exhibited the same shape of the RC.
